phalanges, bone fragility, hypoplastic clavicle, and skull deformities with delayed suture closure [Sedano et al., 1968; Kawahara et al., 1977; Edelson et al., 1992] . It is caused by mutations in the cathepsin K (CTSK) gene [Hou et al., 1999] , a lysosomal cysteine protease that is highly expressed exclusively in osteoclasts and critical for bone remodeling and resorption by osteoclasts [Tezuka et al., 1994] . The CTSK gene spans approximately 12 kb on 1q21 and contains 8 exons. Thirty-three different mutations, spread throughout the whole gene, have been reported to date in patients with pyknodysostosis [Michela et al., 2007; Schilling et al., 2007; Li et al., 2009; Naeem et al., 2009; Khan et al., 2010; Toral-López et al., 2011] .
In the present study, we describe the clinical and radiographic findings of female siblings of Japanese origin with pyknodysostosis and performed molecular analysis of the CTSK gene in their family. , respectively. Their arm spans were 107.7 and 103.6 cm, respectively. The elder sister had a history of 2 tibial fractures while the younger sister had had 2 tibial fractures, one metatarsal fracture and one acromial fracture. Both showed similar clinical manifestations, including disproportionate short-limbed dwarfism, prominent calvaria with small facial structures, obtuse mandibular angle, narrow grooved palate, dental abnormalities, stubby hands with loose digital skin folds and flattened nails ( fig. 1 a,  b) . Increased bone density, opened anterior fontanelle with separated cranial sutures and partial aplasia of distal phalanges (acroosteolysis) were seen in both patients radiographically ( fig. 1 c) . In addition, spondylolysis of the third, fourth and fifth lumbar vertebrae were observed in the younger sister ( fig. 1 d) . Laboratory tests including complete blood counts, calcium and phosphorous levels, liver and kidney functions, insulin-like growth factor-1, and insulin-like growth factor binding protein-3 were all within normal values. On the basis of characteristic clinical and radiographic features, the diagnosis of pyknodysostosis was verified.
Molecular Analysis of the CTSK Gene
After informed consent was obtained from all family members, genomic DNA was extracted from peripheral blood leukocytes of the 2 patients and their normal parents using the QIAamp DNA Blood Midi kit (QIAGEN Inc., Valencia, Calif., USA). The exons (2-8) and their flanking intronic regions of the CTSK gene were amplified by PCR using sets of primers designed on the genomic sequence ( table 1 ) . The mutation analysis of the complete coding sequence of the CTSK gene and exon-intron boundaries [Gelb et al., 1997] was performed using the CEQ 8000 Sequencer (Beckman Coulter, Fullerton, Cal if., USA) according to the manufacturer's instructions. Direct sequence analysis of the patients' genomic DNA demonstrated the heterozygous presence of the missense mutations g.489 G 1 C (p.Arg122Pro) in exon 4 and g.935 C 1 T (p.Ala277Val) in exon 7 of the CTSK gene ( fig. 2 ). Analysis of their parents revealed the R122P mutation was derived from the mother and the A277V mutation from the father. The latter mutation was reported previously in some patients with pyknodysostosis [Gelb et al., 1998; Hou et al., 1999; Fujita et al., 2000; Donnarumma et al., 2007] , but the former seemed to be a novel mutation.
In Silico Analysis
The potential causal effect of the novel missense mutation (R122P) was predicted by using different software: PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) [Adzhubei et al., 2010] , PMut (http://mmb2.pcb.ub.es:8080/ PMut/) [Ferrer-Costa et al., 2005] and SIFT (http://sift. jcvi.org/) [Kumar et al., 2009] . The R122P missense mutation in CTSK was predicted to have a pathogenic effect by PolyPhen-2, PMut and SIFT software, which showed 'probably damaging', 'pathological' and 'affect protein function', respectively. We also examined evolutionary conservation of the mutated residue and surrounding amino acids. This analysis demonstrated that arginine at position 122 in CTSK is a highly conserved amino acid in different species and human cathepsin subfamilies ( fig. 3 ). Li et al. [2002] demonstrated that the unique triplehelical collagen-degrading activity of cathepsin K depends on the formation of complexes with chondroitin 4-sulfate (C4-S). The 3-dimensional protein structure of cathepsin K and C4-S was available from Protein Databank (PDB code: 3C9E) [Li et al., 2008] . The mutant model was built by Rotamer Explorer of MOE (Molecular Operating Environment, Chemical Computing Group Inc., Canada) according to the manufacture's instructions. Then, the molecular docking simulation was carried out by MOE/Dock. The force field used in the minimizations presented here was the Merck Molecular Force Field 94x (MMFF94x), which is suitable for ligand and protein [Halgren, 1996] . The final conformations were selected by comparing calculated Gibbs free energy of candidates. The interaction energies of C4-S to cathepsin K were calculated as follows: Fig. 2 . Direct sequencing of the CTSK gene in the affected elder sister, her father and her mother. The data of the affected younger sister, which are the same as those of the elder sister, are not shown. A novel heterozygous missense mutation in exon 4 predicting an amino acid change from arginine to proline at position 122 was demonstrated in the elder sister and her mother. The heterozygous missense mutation in exon 7 predicting an amino acid change from alanine to valine at position 277 was observed in the elder sister and her father. Fig. 3 . In silico analysis of the R122P missense mutation in the CTSK gene predicting probably damaging by PolyPhen-2, pathological by PMut and affect protein function by SIFT software [Ferrer-Costa et al., 2005; Kumar et al., 2009; Adzhubei et al., 2010] . Conservation analysis shows a highly conserved arginine at position 122 in the C TSK gene in different species and human cathepsin subfamilies. E cathepsin K , E C4-S and E complex are the energies of cathepsin K, C4-S and the complex of cathepsin K and C4-S, respectively. The interaction energies of C4-S to the wild type and the R122P mutant of cathepsin K were -93.486 and 24.282 kcal, respectively. In the wild type of cathepsin K, the R122 interacts directly via hydrogenbonded ion pairs with C4-S. However, the R122P could disrupt hydrogen bonds binding with C4-S ( fig. 4 ).
Cathepsin K Atomic Model Assessment
⌬ E = E complex -(E cathepsin K ` E C4-S )
Discussion
We report on female siblings with autosomal recessive pyknodysostosis from a nonconsanguineous family of Japanese descent, who showed compound heterozygous mutations (935 C 1 T, A277V and 489 G 1 C, R122P) in the CTSK gene. The A277V mutation has previously been reported in 6 unrelated patients, one of whom is of Japanese origin [Gelb et al., 1998; Hou et al., 1999; Fujita et al., 2000; Donnarumma et al., 2007] . The A277 residue is not only highly conserved among the papain family members, but also immediately next to the invariably conserved H276 residue that forms the ion pair with the active cysteine (C139) to affect protein catalysis [Berti and Storer, 1995] . Expression studies with several missense mutants affecting the mature region of the CTSK gene showed that the A277V mutant had no detectable mature protein or enzyme activity [Hou et al., 1999] . It was anticipated that the A277V mutation resulted in a precursor protein lacking auto-activating function and unstable in the presence of pepsin. GAC TGA TTT GC  3  TCC ATG GTT AGT TCC CCA AC  GGG CTC TAC CTT CCC ATT CT  4  CCT TGA GGC TTC TCT TGG TG  AAT TCC TTG CCC TGT TTT CC  5  GCG GAA GAG GAA GAC TCA CA  AAA ACA TCA TGC TGG GGA AG  6  ACC CTA GAC TGC TGC CTC TG  GGC CAC CTC CAT GTG AAT AC  7  CTG CAG TAT GGA GCA GCA TC  TGG CAA TGC AAA ATG GAC TA  8 TGC CTT CTC CCC TAT TTC TTG A TGG GTG GAG AGA AGC AAA GT Fig. 4 . The interaction energies of C4-S to the wild type and the R122P mutant of cathepsin K were -93.486 and 24.282 kcal, respectively. In the wild type of cathepsin K, R122 interacts directly via hydrogen-bonded ion pairs with C4-S. However, R122P disrupts hydrogen bonds binding with C4-S. Li et al. [2002] demonstrated that the unique triplehelical collagen-degrading activity of cathepsin K depends on the formation of complexes with bone or cartilage resident glycosaminoglycans, such as C4-S. The stabilizing interactions between cathepsin K and C4-S are predominantly hydrogen bonding and ion pairs. Four basic residues (R122, K123, K124, and K305) interact directly via hydrogen-bonded ion pairs with C4-S. Especially, a basic amino acid triplet (R122, K123, K124), which is highly conserved among the several cathepsin subfamilies, is the most important set of interactions and forms multiple hydrogen bonds to C4-S. Moreover, the interaction between the R122 and C4-S seemed to be the strongest [Li et al., 2008] . The atomic model assessment demonstrated that the R122P mutant disrupts hydrogen bonds binding with C4-S and affects stabilizing interaction between cathepsin K and C4-S. In silico analysis also revealed that the R122P missense mutation in CTSK has a functional effect. The R122P mutation may affect proteolytic activity of cathepsin K by disrupting hydrogen bonds binding with chondroitin sulfate.
